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SUMMARY 
F ixed  leading-edge devices were i n v e s t i g a t e d  on a 74-deg. 
d e l t a  wing model f o r  a l l e v i a t i n g  t h e  low speed p i tch-up  and l o n g i -  
t u d i n a l  i n s t a b i l i t y  f o l l o w i n g  the  onset o f  lead ing  edge separat ion. 
Wind tunnel  t e s t s  showed Pylon Vortex Generators t o  be h i g h l y  
e f f e c t i v e ,  compared t o  t h e  leading-edge fences and s l o t s  a l so  
inves t iga ted .  The bes t  Pylon Vortex Generator arrangement r a i s e d  
the p i tch-up  angle o f  a t t a c k  from 8 deg. on t h e  bas ic  wing t o  
28 deg. , w i t h  negl i g i  b l  e subsonic drag pena l ty  . 
INTRODUCTION 
A rev iew o f  research on the low-speed aerodynamics o f  h i g h l y  
swept wing conf igurat ions representa t ive  of supersonic-cru i  se a i r c r a f t  
designs i n d i c a t e s  t h a t  a problem commonly observed i s  the  so-cal l e d  
' p i t ch -up '  , i .e., a  discont inuous nose-up change i n  the  p i t c h i n g  moment 
u i t h  increas ing  angle of a t tack .  Pitch-up i s  caused by the  onset 
of separat ion i n  the  wing t i p  regions w h i l e  t h e  f l o w  inboard i s  s t i l l  
at tached, and has been o f  s u f f i c i e n t  concern t o  d i c t a t e  a comproniize i n  
t h e  optimum supersonic-crui  se planform shape i n  o rder  t o  have accept- 
a b l e  low-speed f l i g h t  c h a r a c t e r i s t i c s .  For instance, reduc t i on  o f  t h e  
sweep angle i n  the  t i p  region, and the use o f  v a r i a b l e  leading-edge 
droop o r  l ead ing  edge f l a p s  ( i n v o l v i n g  weight and complexi ty)  have 
been considered. However these measures have genera l l y  been ab le  t o  
de lay  the p i tch-up on l y  by a few degrees angle o f  a t tack ,  as i l l u s t r a t e d  
by wind-tunnel data measured on a t y p i c a l  supersonic-cruise c o n f i g u r a t i o n  
taken from r e f .  1  and shown i n  f i g .  1. Considerable i n t e r e s t  t he re fo re  
remains i n  dev is ing  more e f f e c t i v e  means o f  a l l e v i a t i n g  the t i p  
separat ion on h i g h l y  swept wings, p re fe rab l y  by the  use of simple 
f i x e d  devices on uncompromized supersonic planforms. 
This r e p o r t  presents the r e s u l t s  o f  an exp lo ra to ry  wind-tunnel 
i n v e s t i g a t i o n  of a novel leading-edge device t h a t  we c a l l  a "Pylon 
Vortex Generator", on a 74-deg. d e l t a  research model. Long i tud ina l  
aerodynamic data are presented t o  show t h a t  i n  s u i t a b l e  arrangements 
t h i s  device has considerable p o t e n t i a l  f o r  p i tch-up a l l e v i a t i o n  i n  
t he  angle of a t t a c k  range o f  i n t e r e s t ,  w i t h  no s i g n i f i c a n t  pena l ty  
t o  t h e  subsonic performance of the  basic wing. 
LEADING EDGE DEVICE CONCEPT 
Although i t  was inspired originally by the vortex generator 
described in re f .  2 ,  the development of the Pylon Vortex Generator 
followed a rather different  rationale,  Whereas i t s  progenitor was 
devised as a viscous-flow manipulator (or boundary layer control 
device), the conceptual basis of the Pylon Vortex Generator i s  to  
u t i l  ize the induced velocity f i e ld  of a longitudinal potential 
vortex in order to modify the spanwise variation of the effect ive 
angle of a t tack,  which in turn inhibits the inboard spread of leading- 
edge separation on highly-swept wings. The i n i t i a l  application 
of this  concept was t o  reduce the 1 ift-dependent drag of a 60 deg. 
delta wing a t  higher angles of attack by preserving attached flow 
and leading-edge suction sver a larger fraction of the span than 
possible on the basic wing ( r e f .  3 ) .  Not only did the Pylon Vortex 
Generators successfully reduce drag, b u t  the control 1 ed t i p  separation 
also alleviated pitch-up of the basic wing. I t  i s  t h i s  l a t t e r  
function of the device that i s  presently of in te res t .  
The Pylon Vortex Generator may be described as a forward-swept 
vertical blade projecting down from the leading-edge (a la  engine 
pylon) into the side-wash environment prevailing ahead of a l i f t i n g  
swept wing. I t  i s  believed that  flow separation a t  the slanting upper 
edge of the pylon creates a streamwise vortex which i s  convected 
over the wing ieading-edge. The rotation s f  t h i s  vortex would be 
such as to  impose a downwash on the outboard side, where the 
effective angle of attack i s  accordingly reduced and the onset of 
1 eading-edge separation delayed in comparison with the basic wing. 
Inboard of the vortex, however, the effect ive angle of attack i s  
increased l ead ing  t o  e a r l  i e r  separat ion. The a1 te red  l o c a l  normal 
fo rce  c h a r a c t e r i s t i c s  on e i t h e r  s ide  o f  t he  vor tex  on ,-I swept- 
l ead ing  edge w i l l  senerate a nose-down moment as h igh  angles o f  
a t t a c k ,  as g r a p h i c a l l y  i l l u s t r a t e d  i n  f i g .  2 based on data from re f .  
4. Close i nspec t i on  of these data suggested t h a t  i n  a d d i t i o n  t o  the  
i n v i s c i d  mechanism postu lated above, the py lon  vor tex  a1 so served 
t o  energize t h e  upper surface boundary l a y e r  i n  the  leading-edge 
r e g i o n  t o  f u r t h e r  enhawe the separat ion c o n t r o l  e f fect iveness o f  the 
device. 
The Pylon Vortex Generator may be compared w i t h  a  s t rake  i n  
i t s  a b i l i t y  t o  i n f l uence  the wing f l o w  f i e l d  through the  agency o f  
a  streamwise vor tex.  An important d i f f e rence  however i s  t h a t  t he  
l oad ing  on t h e  v e r t i c a l  pylon cannot impart  undesi rable p i t c h i n g  
moment c h a r a c t e r i s t i c s  t o  the a i r c r a f t  as can happen w i t h  the  st rakes.  
Fur ther ,  s ince the  sidewash angle i s  considerably l ess  than the  angle 
o f  a t tack ,  t h e  py lon  vor tex  w i l l  cont inue t o  be a c t i v e  a t  t he  h igher  
angles o f  a t t a c k  when a  st rake vor tex would probably have b u r s t  
over  the wing. 
MODEL AND TEST DETAILS 
The f l a t - p l a t e  d e l t a  wing model o r i g i n a l l y  had symmetr ica l ly  
bevel l e d  sharp lead ing  edges swept a t  74 deg. For the  present  
t e s t s ,  i t  was modif ied t o  a  b l u n t  leading-edge wing by means of 
wooden s t r i p s  a f f i x e d  along the  bevel surfaces and snaped t o  a  
un i fo rm semi - c i r c u l  a r  sec t ion  normal t o  the  1 eadins edge ( f i g .  3 ) .  
Th is  mod i f i ca t i on  al lowed the model t o  qua1 i t a t i v e l  y reproduce the  
aerodynamic c h a r a c t e r i s t i c s  t y p i c a l  o f  supersonic a i r c r a f t  designs 
resu l  t i  ng f rom onset o f  outboard 1 eading-edge separat ion, s p e c i f i c a f  l y  
the p i tch-up ,  I n  add i t i on ,  c l~ordwise  s l o t s  were c u t  i n t o  t he  l ead ing  
edges a t  25L, 50% and 75% semi-span p o s i t i o n s  t o  accommodate t h e  
devices. 
The geometry and dimensions of t he  leading-edge devices are  
a1 so shown i n  f i g .  3. Three Pylon Vortex Generator designs (VG1, 
VG2 and VG3) were tested;  t h e  f i r s t  two were para l le logram shaped 
w i t h  d i f f e r e n t  sweep angles, and the  l a s t  was t r i a n g u l a r  i n  shape 
w i t h  a f ence - l i ke  p r o j e c t i o n  on the  upper sur face.  A photograph 
of t he  model f i t t e d  w i t h  one of t he  Pylon Vortex Generator t e s t  
arrangements i s  shown i n  f i g .  4. I n  add i t i on ,  two fence designs 
(F2 and F4) were a l so  t e s t e d  fo r  comparison. The two types o f  
fences essen t i a l  l y  d i f fe red  i n  the  mat te r  o f  p r o j e c t i o n  forward 
o f  t he  lead ing  edges; i t  was a n t i c i p a t e d  t h a t  t h e  p r o j e c t i n g  fence F2 
( u n l i k e  t h e  f l u s h  fence F4) would have some vor tex  generat ing 
c a p a b i l i t y  s i m i l a r  t o  t h e  Pylon VG. F i n a l l y ,  a t e s t  was run  w i t h  
the devices removed and the  s l o t s  l e f t  open t o  generate " f l u i d  
fences" on the  upper sur face ( r e f .  3 ) .  
The t e s t s  were conducted i n  t he  Langley 7- by 10- foo t  h igh  
speed wind-tunnel a t  Mach 0.2 and Reynolds number 2.7 x l o 6  based 
on a mean chord o f  67.7 crns. Forces were measured by an i n t e r n a l  
six-component s t r a i n  gage balance. The usual j e t  boundary and s t i n g  
bending co r rec t i ons  were app l i ed  t o  the  data. The tabu la ted  data 
have been presented i n  r e f ,  4 as 'Tes t  46 ' .  
PRESENTATION OF RESULTS 
The p i t c h i n g  moment c o e f f i c i e n t s  were measured about a re fe rence 
p o i n t  58.42 crns a f t  o f  t h e  wing apex (c.g. # I ) .  These data were 
t r a n s f e r r e d  t o  a  c.g. l o c a t i o n  a t  67.73 cms, corresponding t o  a  
p o s i t i o n  c l o s e r  t o  t he  wing c e n t r o i d  (c.g, # 2 ) .  A comparison o f  
t h e  o r j g i n a l  and t h e  transformed p i t c h i n g  moment da ta  p l o t t e d  i n  
f i g .  5 ,  i n d i c a t e s  t h e  appropr ia teness o f  t h e  c.g. l o c a t i o n  #2 f rom 
a i r c r a f t  balance cons ide ra t i ons  as w e l l  as f o r  r e l axed  s t a t i c  
s t a b i l  i t y  design, More i m p o r t a n t l y  t h e  t r a n s f e r r e d  p i  tching-moment 
c h a r a c t e r i s t i c s  elcar1:j i n d i c a t e  t he  p i t ch -up  phenomenon on t he  bas i c  
wing, a1 l ow ing  a proper  app rec ia t i on  o f  t h e  problem under c o n s i d e r ~ a t i o n +  
F ig .  6 shows t h e  r e s u l t s  w i t h  v o r t e x  generators  sepa ra te l y  
f o r  each design. The e f f e c t  o f  m u l t i p l e  dev ices (i ,e. more than one 
on each 1 eading edge) i s  a1 so presented f o r  VG1 and VG2. 
F ig .  7 g ives  t h e  p i t c h i n g  moments f o r  fences, aga in  sepa ra te l y  
f o r  each des ign and a l s o  showing the  e f f e c t  o f  m u l t i p l e  arrangements 
(two o r  t h r e e  per  1  eadi  ng edge). 
F ig .  8 presents  t he  r e s u l t s  f o r  open s l o t s .  As i n  f o r e g o i n g  
p resen ta t ions ,  t h e  bas ic  wing r e s u l t  (dashed curve)  i s  i nc l uded  f o r  
comparison. 
F i n a l l y ,  f i g .  9 cohipares t h e  drag p o l a r s  ob ta ined  f o r  t h e  ' b e s t '  
dev ice  arrangement of each c l a s i  w i t h  t h a t  o f  t h e  bas ic  wing, 
DISCUSS ION 
The b a s i c  wing ( w i t h  a l l  s l o t s  sealed)  showed a p i t ch -up  a t  
about  8 deg. angle o f  a t t ack .  A s i n g l e  Py lon Vor tex  Generator 
l oca ted  a t  50% semi-span on each l ead ing  edge produced a marked 
improvement i n  t he  l o n g i t u d i n a l  s t a b i  1 i ty c h a r a c t e r i s t i c s ,  de lay ing  
t h e  onset o f  p i t ch -up  t o  approx imate ly  18 deg. ang le  o f  a t t a c k  
( f i g .  6A). Among t h e  t h r e e  d i f f e r e n t  designs o f  Py lon Vor tex  
Generators VG2 performed the best,  fo l lowed by VG3 i n  reducing the 
magnitude of nose-up moment a t  h igh  angles o f  a t tack .  
I n  a  m u l t i p l e  arrangement, the  bes t  e f fec t iveness  was obtained 
by two VG2s i n s t a l l e d  on each lead ing  edge a t  2% and 50% semi-span 
s ta t ions .  Indeed, t h i s  arrangement produced dn e s s e n t i a l l y  zero 
p i t c h i n g  moment up t o  28 deg, angle o f  a t tack .  Add i t i on  o f  a  t h i r d  
VG2 a t  752 semi-span however degraded the 1  ongi t ud ina l  s t a b i l  i ty 
c h a r a c t e r i s t i c s  ( f i g ,  6C). 
A s i n g l e  fence on each lead ing  edye a t  50% semi-span a lso  
delayed pi tch-up, b u t  the ensuing i n s t a b i l i t y  was worse than t h a t  
observed w i t h  s i n g l e  Pylon Vortex Generators (compare f i g s .  6A and 
7A), The fences i nd i ca ted  a  r a t h e r  sudden l o s s  o f  e f fec t i veness  a t  
about 20 deg. angle o f  at tack;  beyond t h i s  po in t ,  the  p r o j e c t i n g  
fence (F2)  produced somewhat smal ler  nose-up moment than the  f l u s h  
fence (F4).  This  improved h igh  angle-of -at tack performance o f  the  
p r o j e c t i n g  fence may be due t o  i t s  a b i l i t y  t o  generate a  vor tex  
system f rom the  sidewash ahead o f  t he  lead ing  edge, 
When used i n  mu l t i p les ,  a d d i t i o n  o f  a  t h i r d  fence a t  75% 
semi-span produced an adverse e f f e c t ,  j u s t  as i n  case o f  Pylon 
VG's. However, t h e  p i t c h i n g  moment c h a r a c t e r i s t i c s  appeared 
l ess  s e n s i t i v e  t o  the  spanwise d i s t r i b u t i o n  o f  fences than w i t h  VG's 
(compare f i g s .  6B, C and 7B, C) , 
F i n a l l y ,  the open s l o t s  ( three per  lead ing  edge) showed on ly  
minor improvement i n  the  onset o f  pi tch-up, delay ing i t  by a  mere 
3 deg., b u t  none i n  the l o n g i t u d i n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  
a t  the h igher  angles o f  a t tack .  Although o ther  s l o t  arrangements 
were no t  tested,  t he  ava i l ab le  r e s u l t s  suggest t h a t  t h e  s l o t s  may 
n o t  prove compet i t ive w i t h  Pylon VG's o r  fences (compare w i t h  f i g s ,  
61: and 7C). 
Drag measurements showed t h a t  the leading-edge devices produced 
n e g l i g i b l e  drag pena l ty  a t  the subsonic Mach number o f  t h e  t e s t  
( f i g .  9). dudgf ng by the  geometry o f  Pylon Vortex Generators v i z ,  
sharp edges, h i g h  sweep and po in ted  apex, i t  may be a n t i c i p a t e d  
t h a t  the drag increment a t  supersonic c r u i s e  Mach numbers w i l l  a l so  
be small. 
CONCLUSIONS 
The Pylon Vortex Generator has been demonstrated t o  be a 
powerful  dev~ice f o r  de lay ing  p i tch-up and a1 l e v i a t i n g  t h e  l o n g i -  
t u d i n a l  i n s t a b i l i t y  a t  h igh  angles o f  a t t a c k  on a 74 deg. f l a t  
p l a t e  de l ta  wing. I n  t h i s  respect,  i t  was found t o  be even more 
e f f e c t i v e  than leading-edge fences. The performance o f  t h e  Pylon 
Vortex Generator was s e n s i t i v e  t o  i t s  spanwise d i s t r i b u t i o n .  
When s u i t a b l y  arranged however, the Pylon Vortex Generator i s  seen 
t o  have the p o t e n t i a l  o f  e l  im ina t i ng  the p i  tch-up problem from the  
low-speed fl i g h t  envelope of h i g h l y  swept wing conf igurat ions.  
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